It has been found that 4-estren-3a,17b-diol, a synthetic ligand for the estrogen receptor (ER) or androgen receptor (AR), which does not affect classical transcription, reverses bone loss in ovariectomized females or orchidectomized males without affecting the uterus or seminal vesicles, demonstrating that the classical genotropic actions of sex steroid receptors are dispensable for their bone-protective effects, but indispensable for their effects on reproductive organs. We have now investigated the mechanism of action of this compound. We report that, identically to 17b-estradiol or dihydrotestosterone, but differently from raloxifene, estren alters the activity of Elk-1, CCAAT enhancer binding protein-b (C/EBPb), and cyclic adenosine monophosphate-response element binding protein (CREB), or cJun/c-Fos by an extranuclear action of the ER or AR, resulting in activation of the Src/Shc/ERK pathway or downregulation of JNK, respectively. All of these effects are nonsex specific, require only the ligand-binding domain of the receptor, and are indispensable for the antiapoptotic action of these ligands on osteoblastic and HeLa cells. Moreover, administration of 17b-estradiol or 4-estren-3a,17b-diol to ovariectomized mice induces phosphorylation of ERKs, Elk-1, and C/EBPb, downregulates c-Jun, and upregulates the expression of egr-1, an ERK/SRE target gene. Kinase-initiated regulation of commonly used transcription factors offers a molecular explanation for the profound skeletal effects of sex steroid receptor ligands, including synthetic ones that are devoid of classical transcriptional activity.
Introduction
It has been found that 4-estren-3α,17β-diol, a synthetic ligand for the estrogen receptor (ER) or androgen receptor (AR), which does not affect classical transcription, reverses bone loss in ovariectomized females or orchidectomized males without affecting the uterus or seminal vesicles, demonstrating that the classical genotropic actions of sex steroid receptors are dispensable for their bone-protective effects, but indispensable for their effects on reproductive organs. We have now investigated the mechanism of action of this compound. We report that, identically to 17β-estradiol or dihydrotestosterone, but differently from raloxifene, estren alters the activity of Elk-1, CCAAT enhancer binding protein-β (C/EBPβ), and cyclic adenosine monophosphate-response element binding protein (CREB), or c-Jun/ c-Fos by an extranuclear action of the ER or AR, resulting in activation of the Src/Shc/ERK pathway or downregulation of JNK, respectively. All of these effects are non-sex specific, require only the ligandbinding domain of the receptor, and are indispensable for the antiapoptotic action of these ligands on osteoblastic and HeLa cells. Moreover, administration of 17β-estradiol or 4-estren-3α,17β-diol to ovariectomized mice induces phosphorylation of ERKs, Elk-1, and C/EBPβ, downregulates c-Jun, and upregulates the expression of egr-1, an ERK/SRE target gene. Kinase-initiated regulation of commonly used transcription factors offers a molecular explanation for the profound skeletal effects of sex steroid receptor ligands, including synthetic ones that are devoid of classical transcriptional activity.
or so-called genotropic mechanisms, such effects have been attributed collectively to nongenotropic actionsa term applied to a large range of effects varying from physicochemical or ionic changes to receptor-independent actions or to actions mediated by putative membrane receptors (5) (6) (7) (8) . The relationship of nongenotropic actions to the better-known effects of sex steroids on transcription remains largely unknown. Moreover, until very recently, there had been no evidence that nongenotropic actions of sex steroids are of biological relevance in vivo.
One of the best-documented nongenotropic actions of estrogens in a variety of cell types, including bone, endothelial, and neuronal cells, is the activation of the MAPKs, serine-threonine kinases that transduce chemical and physical signals from the cell surface to the nucleus, thereby controlling proliferation, differentiation, and survival (9) . MAPKs might alter cellular functions by modifying the activity of proteins independent of any transcriptional changes or through changes in gene transcription resulting from the phosphorylation of transcription factors. The three better-characterized subfamilies of MAPKs are the extracellular signal-regulated kinases (ERKs), the JNKs, and the p38 kinases.
We had earlier elucidated that estrogens and androgens attenuate the apoptosis of osteoblasts/osteocytes by rapidly activating the Src/Shc/ERK signaling pathway (10) . This effect requires only the ligand-binding domain of the receptor, and unlike the classical genotropic action of the receptor protein, it is eliminated by nuclear targeting. Unexpectedly, ERα, ERβ, or AR mediate this effect with similar efficiency, irrespective of whether the ligand is an estrogen or an androgen. Moreover, this nongenotropic effect can be dissociated from the genotropic actions of the receptors with synthetic ligands. More recently, we have used such ligands to show that sex steroids protect the adult murine skeleton through a fundamentally distinct mechanism of receptor action different from that used to preserve the mass and function of reproductive organs (11) . Specifically, we have found that whereas the classical genotropic action of sex steroid receptors is essential for their effects on reproductive tissues, this action is dispensable for their bone-protective effects. Moreover, whereas sex steroids preserve bone mass, 4-estren-3α,17β-diol, a synthetic prototypic ligand referred to hereafter as estren, faithfully reproduces their nongenotropic effects without affecting classical transcription, increases bone mass in ovariectomized females above the level of the estrogen replete state, and is at least as effective as dihydrotestosterone (DHT) in orchidectomized males, without affecting reproductive organs in either sex.
In the studies described here, we have used estren, 17β-estradiol (E 2 ), DHT, and 1,3,5-tris(4-hydroxylphenyl)-4-propylpyrazole, referred to hereafter as pyrazole, a compound that reproduces the genotropic actions of E 2 . Using these compounds, we have investigated whether nongenotropic activation of kinases by ligands of the ER or AR influences transcription and whether transcription is required for the antiapoptotic effect of sex steroids. We show that activation of the Src/Shc/ERK pathway or downregulation of JNK by sex steroids through an extranuclear action mediated by the ligandbinding domain of their receptors leads to potent downstream modulation of the activity of Elk-1/serum response element (Elk-1/SRE) and AP-1, respectively. Both these effects can be transmitted by either the ERα or the AR in an interchangeable ligand-receptor interaction manner, in the sense that ERα or AR can mediate them with similar efficiency, irrespective of whether the ligand is E 2 or DHT. Besides transcription-dependent events, selective activation of cytoplasmic kinases and downstream transcription-independent events are also required for the antiapoptotic effects of sex steroids on osteoblasts and HeLa cells. Furthermore, and consistent with the ability of estren to dissociate the skeletal from the reproductive actions of these receptors in vivo, we demonstrate that this novel synthetic analogue, but not pyrazole, faithfully reproduces the activating and repressing actions of sex steroids on transcription factors through the ER or the AR in vitro. Moreover, estren, like E 2 , induces phosphorylation of ERKs, Elk-1, and CCAAT enhancer binding protein-β (C/EBPβ), downregulates c-Jun, and upregulates the expression of the early growth response-1 protein gene (egr-1), an ERK/SRE target gene, in vivo.
(dn) Elk-1 were obtained from S. Safe (Texas A & M University, College Station, Texas, USA) (19) . GAL4-luc was obtained from M. Karin (University of California, San Diego, San Diego, California, USA) (20) . Construction of the human ERα ligand-binding domain (E), E localized to the plasma membrane (E-Mem), and E localized to the nucleus (E-Nuc) mutants containing the ligandbinding domain of ERα fused to the cyan fluorescent protein, and either a membrane or a nuclear localization sequence, respectively, was previously described (10) . Expression and appropriate localization of the constructs inside the cells were confirmed by fluorescent microscopy. The cDNAs for WT Src and SrcK295M (lacking kinase activity; Src K -), WT or Shc mutants, and dn MEK were provided by W.C. Horne (Yale University, New Haven, Connecticut, USA) (21); K.S. Ravichandrian (University of Virginia, Charlottesville, Virginia, USA) (22) ; and N.G. Ahn (University of Colorado, Boulder, Colorado, USA) (23), respectively. JNK1 and dn JNK1 were obtained from R.J. Davis (University of Massachusetts, Worcester, Massachusetts, USA) (24) . WT and dn ribosomal S6 kinase (Rsk2) and WT and dn AKT were obtained from M.E. Greenberg, Harvard Medical School (Boston, Massachusetts, USA) (25) . The dn Bad, in which serines 112, 136, and 155 were mutated to alanine, was provided by X.-M. Zhou (Apoptosis Technology Inc., Cambridge, Massachusetts, USA) (26) . The dn cyclic adenosine monophosphate-response element binding protein (CREB) and dn C/EBPβ were provided by C. Vinson, NIH, Bethesda, Maryland, USA (27) . The dn AP-1 (TAM67) was provided by T. Chambers (University of Arkansas for Medical Sciences) (28) . The nuclear red fluorescent protein (nRFP) construct was obtained by attaching the SV40 large T-antigen nuclear localization sequence (29) to the amino terminus of the cDNA construct encoding RFP (pDs1Red1-N1; CLON-TECH Laboratories Inc.). Green fluorescent protein fused to wild-type ERK2 (GFP-ERK2) was provided by R. Seger, Department of Biological Regulation, The Weizmann Institute of Sciences, Rehovot, Israel (30) .
Transient transfections and reporter assays. HeLa cells were transfected with 0.1 µg ERα, 0.2 µg of each appropriate reporter construct, or 0.2 µg of each dn kinase or transcription factor mutant using Lipofectamine Plus (Invitrogen Corp., Carlsbad, California, USA). To determine SEAP activity, cells were allowed to recover for 24 hours in the presence of 10% serum and then cultured for additional 24 hours in serum-free conditions to decrease the basal levels of SRE-SEAP activity. Subsequently, they were treated with the indicated steroids for 15 minutes, after which the steroid-containing media were removed, cells washed twice with 1% BSA in PBS, and fresh media without steroid were added. SEAP or luciferase assays were performed 6 hours later using the Great EscAPe SEAP Chemiluminescence Kit (CLONTECH Laboratories Inc.) or the dual luciferase kit (Promega Corp., Madison, Wisconsin, USA), respectively, according to the manufacturer's instructions. To examine the effect on IL-6 activity, transfected cells were recovered as above, pretreated with IL-1β (1.6 nM) and TNF-α (0.3 nM) or PMA (160 nM) for 24 hours, and then treated with 10 -8 M of the appropriate compound. IL-6-luciferase activity was determined 24 hours later. SEAP or IL-6-luciferase activities were normalized for Renilla-luciferase activity.
Subcellular localization of ERK2. MLO-Y4 cells were transfected with GFP-ERK2 to allow the visualization of ERK and with nRFP to allow the localization of the cell nuclei. Following transfection, cells were cultured for 48 hours, serum-starved for 40 minutes, and subsequently treated with vehicle (ethanol), E 2 , estren, or pyrazole at a final concentration of 10 -7 M, or as otherwise indicated, for 5 minutes. Cells were fixed in neutral buffer formalin for 8 minutes. The percentage of cells showing nuclear accumulation of ERK2 was quantified by enumerating those cells exhibiting increased GFP in the nucleus compared with the cytoplasm, using a fluorescence microscope. At least 250 cells from random fields were examined for each experimental condition.
Preparation of bone extracts for Western blot analysis. The fifth lumbar vertebrae (L5) were obtained from each experimental mouse. Vertebrae were thoroughly cleaned to remove the spinal cord and the attached soft tissues, washed once with PBS, and placed in Tris-buffered saline Na orthovanadate until they were homogenized in lysis buffer (20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA, 5 µg/ml leupeptin, 0.14 U/ml aprotinin, 10 mM NaF, 1 mM Na orthovanadate, 1 mM PMSF, 1% Triton-X 100). Lysates were centrifuged at 15,000 g, for 15 minutes. Five to 30 mg of protein were used for Western blot analysis.
Western blot analysis. The phosphorylation status of ERK-1 and -2, Elk-1, C/EBPβ, CREB, and c-Jun was analyzed by immunoblotting. The Ab's used were as follows: a mouse mAb recognizing tyrosine phosphorylated ERK-1 and -2 and a rabbit polyclonal Ab recognizing total ERK-1 and -2; a mouse mAb recognizing serine-383 phosphorylated Elk-1 and a rabbit polyclonal Ab recognizing total Elk-1; a goat polyclonal Ab recognizing threonine-217 phosphorylated C/EBPβ and a goat polyclonal Ab recognizing total C/EBPβ; a goat polyclonal Ab recognizing serine-133 phosphorylated CREB and a rabbit polyclonal Ab recognizing total CREB (Santa Cruz Biotechnology Inc., Santa Cruz, California, USA); and a human mAb recognizing serine-63 and serine-73 phosphorylated c-Jun and a mouse mAb recognizing total Jun (CLONTECH Laboratories Inc.).
Real-time PCR. Total RNA was extracted using Ultraspec RNA (Biotecx Laboratories, Houston, Texas, USA), and the expression of C3 and egr-1 mRNA was measured by real-time RT-PCR using the ABI PRISM 7700 Sequence Detector and the TaqMan Universal PCR Master Mix (Applied Biosystems Inc., Foster City, California, USA). The primers and probes were manufactured by Assays-by-Design Service (Applied Biosystems Inc.) and were as follows: C3 probe, 5′-TCTCCATCAAGATTCC-3′, forward primer, GGAGCCAGTGGACATCTGAGA, reverse primer, CCCTCCTTATCTGAGTTGAATTCCT; egr-1 probe, 5′-AGGCTCTAAAACCC-3′, forward primer, TCTGGGTGGT-GCATTGGAA, reverse primer, CGGCCACCAGTCAGTAGGTT. Quantification of apoptotic cells in vitro. Apoptotic cells were quantified either by trypan blue staining (see Figure 4b and Figure 6a ) or by direct visualization of nuclear morphology in cells cotransfected with nuclear GFP (see Figure 4 , c and d, and Figure 6 , b and c) as described previously (10) or by measuring caspase-3 activity (see Figure 7, a and c) as described previously (18) . In some experiments apoptosis was assayed by monitoring caspase-3 activity in individual cells (see Figure 7b ) following transfection into the cells of a vector that contains a caspase-3 sensor protein fused to a yellow fluorescent protein (CLONTECH Laboratories Inc.).
Statistical analysis. The data were analyzed by ANOVA, and the Student-Newman-Kleuss method was used to estimate the level of the significance of differences between means.
Results

Nongenotropic regulation of SRE-and AP-1-mediated transcription downstream of ERK and JNK kinase modulation.
Activation of the ERKs and JNK leads to SRE-dependent and AP-1-dependent transcription, respectively (31, 32) . Based on this evidence and our earlier finding that E 2 , DHT, as well as an estren, but not a pyrazole, activate ERKs in a nongenotropic manner, we searched for the effects of these ligands on SRE-or AP-1-dependent transcription downstream from cytosolic kinases. Exposure to E 2 for as little as 15 minutes was sufficient to stimulate SRE-dependent and downregulate AP-1-dependent transcriptional activity in HeLa cells ( Figure  1a 
Figure 1
Nongenotropic regulation of cytoplasmic kinases by sex steroids. HeLa cells were transfected with reporter constructs in which SRE or AP-1 drive the expression of SEAP. Aliquots of these cells were then cotransfected with either the full-length ERα, or its ligand-binding domain (E), or the E domain fused to a membrane localization sequence (E-Mem) or nuclear localization sequence (E-Nuc) and treated with vehicle (Veh) or E 2 (10 -8 M) for 15 minutes. The steroid-containing media were removed, the cells were washed twice, and the cultures were continued in fresh medium without E 2 . Supernatants were collected 6 hours later, and SEAP activity was assayed (a). MLO-Y4 cells transfected with GFP-ERK2 and nRFP were treated for 5 minutes with 10 -7 M of the indicated compounds, and nuclear accumulation of GFP-ERK2 (left upper panels of b) was quantified as described in Methods and shown in left graph. The expression of nRFP in the nuclei is shown in the left lower panels of b. Regulation of IL-6 activity by 10 -8 M E 2 , estren, or pyrazole is shown in the right graph (b). RLU, relative luciferase units. HeLa cells transfected with the ERα (c) or the AR (d) were exposed to vehicle or 10 -8 M of the indicated steroids for 15 minutes as described in a, and SEAP activity was assessed 6 hours later. One hundred percent indicates activity in vehicle-treated cells. Bars indicate means ± SD of triplicate determinations; *P < 0.05 versus vehicle by ANOVA.
Src/Shc/ERK signaling pathway and antiapoptosis, E-Mem, but not E-Nuc, preserved the hormonal effects on both SRE and AP-1. ERα and the different E mutants were equally expressed as demonstrated by the similar level of expression of cyan fluorescent protein in cells transfected with each one of the constructs. None of the ER constructs affected basal SRE or AP-1 activity. These results demonstrate that direct receptor-DNA interaction is dispensable for the regulation of SRE and AP-1 activity by E 2 and that this effect is maintained with membrane but not nuclear localization of the receptor protein.
We have shown previously that estren mimics the nongenotropic effects of E 2 without inducing its genotropic actions. Specifically, estren is a potent inducer of ERK activation without stimulating transcription via direct DNA binding on ERE sites (10) . Consistent with these earlier observations, estren stimulated nuclear accumulation of the GFP-ERK2 fusion protein in MLO-Y4 osteocytic cells as effectively as E 2 or DHT, but did not downregulate IL-1β/TNF-α-stimulated IL-6 transcription, an effect resulting from ER interactions with other transcription factors ( Figure 1b ). On the other hand, pyrazole at 10 -7 M had only a small effect in inducing GFP-ERK2 nuclear accumulation, whereas it was as effective as E 2 in inhibiting IL-6 transcription at 10 -8 M (Figure 1b ), suggesting that pyrazole might not be a pure genotropic agent, but have weak nongenotropic activity as well (10) . Stimulation of SRE and downregulation of AP-1 was also demonstrated in ERα-transfected HeLa cells treated with DHT or estren, but not pyrazole, indicating that ER-dependent SRE and AP-1 regulation occurs through a nongenotropic mechanism of receptor action (Figure 1c) . Importantly, HeLa cells transfected with an empty vector instead of the ER did not exhibit the effects of E 2 or DHT, establishing that these phenomena were ER dependent (data not shown). Results identical to those shown with HeLa cells transfected with ERα were obtained using HeLa cells transfected with the AR (Figure 1d ). Moreover, either the ER antagonist ICI 182,780 or the AR antagonist flutamide abrogated the effect of E 2 or DHT in HeLa cells, irrespective of whether they were transfected with the ERα or the AR (data not shown). These data strongly suggest that ER-or AR-dependent SRE and AP-1 regulation results from an interchangeable sex steroid-receptor interaction. In other words, ER or AR can transmit the signals for SRE and AP-1 regulation with similar efficiency irrespective of whether the ligand is an estrogen or an androgen.
Next, we sought to identify the kinases responsible for the modulation of SRE or AP-1 activities using a series of different dn mutants ( Figure 2 ). As shown previously for the antiapoptotic effect of E 2 on osteoblasts and osteocytes, E 2 -induced SRE activation in ERα transiently transfected HeLa cells was blocked by cotransfection of a dn MEK, the kinase responsible for ERK phosphorylation (Figure 2a) . Similarly, the stimulatory effect of E 2 was abrogated in HeLa cells transfected with the ERα and cotransfected with Src K -. The SRE transactivation by E 2 was also abrogated by dn Shc mutants in which all three (FFF), or only the third (YYF) of the three tyrosines Y239, Y240, and Y317 (the primary site of Shc phosphorylation by Src), were substituted by phenylalanine. When tyrosines 239 and 240, but not 317, were mutated, however, the SRE transactivation by E 2 was unaffected. WT MEK, Src, or Shc, used as negative controls in this experiment, had no effect. We next examined the involvement of JNK or ERKs in E 2 -induced downregulation of AP-1 activity. Transfection of a dn JNK1 mutant into ERα-containing cells abolished the E 2 -induced downregulation of AP-1-SEAP activity, without affecting basal AP-1 activity (Figure 2b ). On the other hand, dn MEK did not abolish E 2 -induced downregulation of AP-1 activity, but it significantly decreased basal AP-1 activity, indicating that consistent with previous reports (33, 34) , ERKs were responsible for the basal AP-1 activity. In the presence of E 2 , however, JNK signaling was suppressed, and this effect overrode the stimulatory effect of ERKs on AP-1. As expected, a dn AP-1 had an effect similar to the dn MEK on both basal and E 2 -modulated AP-1-SEAP. These results establish that the regulation of SRE activity results from activation of the Src/ Shc/ERK signaling cascade. Furthermore, they suggest that E 2 downregulates AP-1 activity via a JNKK1/ MEKK1/JNK1 pathway, originally described to be activated by cytokines or cellular stress (35) .
Requirement of Elk-1, C/EBPβ (NF-IL6), CREB, and AP-1 for the antiapoptotic effect of sex steroids. Elk-1, C/EBPβ, and CREB are transcription factors that can be activated by ERKs (36) (37) (38) . We therefore proceeded to examine whether transcription in general and these factors in particular were involved in the activation of SRE and the antiapoptotic effects of estrogens. First, we examined whether E 2 induces Elk-1 phosphorylation and thereby activation by cotransfecting HeLa cells with empty vector or ERα and either WT or dn mutants of Elk-1. Specifically, for WT control we used the C-terminal domain of Elk-1 (amino acids 307-428), which is the part of the protein that is phosphorylated by MAPK at multiple sites (39) . When this domain is fused to the DNA-binding domain of GAL4 (GAL-ElkC), it can function as a transactivation domain, the activity of which can be measured on a GAL4-dependent promoter construct. As dn Elk-1 mutant we used a GALElkC383/389 construct in which serines 138 and 139, the targets of phosphorylation by ERKs, are substituted for phenylalanines (19) . The results depicted in Figure 3a demonstrate that E 2 induced reporter gene activity in HeLa cells cotransfected with ERα and the GALElkC and GAL4-luciferase constructs. This response required the presence of ERα, since HeLa cells transfected only with the GAL-ElkC, and GAL4-luciferase constructs did not exhibit reporter activity. On the other hand, when the phosphorylation-inactive GALElkC383/389 mutant was used instead of the WT GALElkC constructs, the ability of E 2 to induce GAL4-luciferase expression was completely lost. Similar results were obtained in two additional experiments, indicating that E 2 activates Elk-1 by a ERα-mediated mechanism that requires ERK signaling.
The possibility that activation of Elk-1 mediates the E 2 -induced SRE activity was examined in HeLa cells cotransfected with the ERα, the SRE-SEAP reporter plasmid, and either the GAL-ElkC, the GALElkC383/389 mutant, or Elk-1 missing its DNA-binding domain (dn Elk-1; see ref. 19) (Figure 3b ). In cells containing the WT control GAL-ElkC, E 2 induced activation of SRE. This effect was completely blocked in cells expressing dn Elk-1 or the phosphorylation-inactive GAL-ElkC383/389 mutant. Phosphorylation of Elk-1 in response to E 2 -treatment was demonstrated in the OB-6 murine osteoblastic cell line by Western blot analysis. E 2 rapidly and transiently increased the phosphorylation of Elk-1, with a maximal effect seen at 5 minutes to 2 hours after treatment and a return to baseline by 6 hours (Figure 3c ). These findings tightly link the nongenotropic, ER-induced activation of the Src/Shc/ERK signaling cascade to the genotropic effects of Elk-1 activation and SRE-dependent gene transcription. Similar to Elk-1, E 2 induced transient activation of C/EBPβ with a maximal effect observed at 30 minutes to 2 hours after treatment and a return to base line by 6 hours (Figure 3d) . CREB was also phosphorylated by E 2 , but this effect occurred at 60 minutes and was still present after 6 hours. Qualitatively similar results to those shown in Figure 3 (19, 40, 41) , establishing that some nongenotropic actions do lead to changes in gene transcription.
The RNA synthesis inhibitor actinomycin D or the protein synthesis inhibitor cyclohexamide, at doses that inhibited 3 H-uridine or 3 H-leucine incorporation, respectively (Figure 4a ), without affecting cell viability, abrogated the protective effect of E 2 on etoposideinduced apoptosis of murine calvaria-derived osteoblasts (Figure 4b (Figure 4c ). The protective effect of E 2 on apoptosis was also abrogated by dn mutants of C/EBPβ or
Figure 4
Transcriptional events mediated by Elk-1, C/EBPβ, CREB, and JNK1/AP-1 are required for the antiapoptotic effects of sex steroids. Calvaria-derived osteoblastic cells were treated with 10 -7 M actinomycin D (ActD) or 10 -7 M cycloheximide (Chx) for 7 hours (a) or with ActD or Chx for 1 hour, followed by 1-hour treatment with 10 -8 M E 2 , and then 6-hour treatment with 100 µm etoposide (Etop) (b). Apoptosis was then assayed by trypan blue uptake. HeLa cells were transfected with a GFP targeted to the nucleus and cotransfected with the ERα or the AR and the WT or dn mutants of the indicated transcription factors (c). After a 24-hour period, cells were treated for 1 hour with 10 -8 M E 2 or DHT followed by 6-hour treatment with etoposide (100 µM). Apoptosis was assayed by direct visualization of changes in nuclear morphology. MLO-Y4 osteocytic cells were transfected with nuclear-targeted GFP and cotransfected with the ERα or the AR and the WT or dn mutants of the indicated transcription factors (d). After a 24-hour period, cells were treated for 1 hour with 10 -8 M E 2 followed by a 6-hour treatment with etoposide (100 µM). Apoptosis was assayed as in (b). Bars indicate means ± SD of triplicate determinations; *P < 0.05 versus vehicle by ANOVA.
CREB. Lastly, the antiapoptotic effect of E 2 was abolished by dn constructs for JNK1 or AP-1, but not a WT JNK1, in line with the finding that E 2 downregulates AP-1-SEAP activity. The dn Elk-1, C/EBPβ, CREB, JNK1, and AP-1 also abrogated the protective effect of DHT in ERα-transfected cells. Moreover, in keeping with the interchangeable ligand-receptor interaction, the effects of DHT or E 2 were abrogated in HeLa cells transfected with the AR and each of the dn mutants. The effects of dn Elk-1, C/EBPβ, CREB, and AP-1 were confirmed using the osteocytic MLO-Y4 cells that express endogenously ERα and ERβ, but not AR (Figure 4d ). These findings indicate that modulation of transcription factor activity by sex steroids is required for antiapoptosis.
Kinase-mediated activation of transcription factors by E 2 and estren in vivo. The ability of E 2 or estren to phosphorylate ERKs and the ERK-activated transcription factors C/EBPβ and Elk-1 in vivo was demonstrated by Western blot analysis using the L5 vertebrae of intact or ovariectomized (ovx) mice receiving either ligand (Figure 5a ). Due to the rapid and transient nature of ERK and C/EBPβ activation in vitro and the fact that compounds administered as pellets reach steady-state level in the blood between 24 and 48 hours, treatments were applied for the short period of 48 hours. Administration of E 2 or estren increased ERK phosphorylation over the ovx controls. Moreover, phosphorylated CEBPβ and Elk-1 were decreased in ovx mice, and E 2 or estren reversed these changes. Furthermore, in agreement with our in vitro observations that E 2 or estren suppresses AP-1-SEAP activity, either compound decreased c-Jun phosphorylation. Estren was seemingly more potent than E 2 in suppressing c-Jun activity, however. We have shown previously that estren, unlike E 2 , is ineffective in upregulating the ERE-mediated expression of the complement 3 (C3) gene in the uterus under conditions in which it increases bone mass in ovx female mice without affecting the weight of the uterus (11). Consistent with this finding, E 2 but not estren increased the expression of C3 in the uterus, whereas both compounds induced the expression of egr-1, a gene that is activated by E 2 via the ERK/SRE pathway (40) (Figure 5b) .
Transcription-independent events downstream of kinases are also required for the antiapoptotic effects of sex steroids. Kinases modulate cell survival not only through changes in gene transcription, but also through modification of the functional activity of proteins, independent of any transcriptional changes (37, 42) . Furthermore, there is evidence that both ERKs and PI3K induce phosphorylation, and thereby inactivation, of the proapoptotic protein Bad (43) (44) (45) (46) . We therefore investigated whether the antiapoptotic effect of estrogens, or estren, requires
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The convergence of these two signaling cascades on Bad. Wortmannin, a PI3K inhibitor, attenuated the antiapoptotic effect of E 2 and estren in calvaria cells (Figure 6a) . PI3K can inactivate Bad by activation of either Rsk2 (37) or the Akt serine-threonine kinase (47) . A dn Rsk2 but not a dn AKT or the WT forms of these kinases abolished these actions in HeLa cells (Figure 6b ), demonstrating that Rsk2, but not Akt, is required for the antiapoptotic actions of E 2. Furthermore, ERα-transfected HeLa cells expressing a dn Bad mutant (dn Bad AAA), which cannot be phosphorylated, failed to respond to either ligand, indicating that phosphorylation and inactivation of Bad was indispensable for the antiapoptotic actions of E 2 or estren (Figure 6c) . In studies not shown here, wortmannin, as well as the inhibitor of ERK activation, PD98059, abolished E 2 -induced phosphorylation of Bad. Raloxifene does not share the nongenotropic effects of estren. Raloxifene, a synthetic selective estrogen receptor modulator (SERM) has dissociated actions on bone versus the uterus, being an agonist in the former and a pure antagonist in the latter. We therefore examined whether raloxifene has similar or different effects compared with those of estren on apoptosis and the signaling pathways activated by the estren. Sharply different from estren, raloxifene had a minimal effect (four orders of magnitude less potent than estren) on the prevention of etoposide-induced apoptosis in murine osteoblastic calvaria cells (Figure 7a ) and no effect on etoposideinduced apoptosis of osteocytic MLO-Y4 cells (data not shown) or HeLa cells transfected with the ERα or the AR (Figure 7b) . Likewise, unlike estren, raloxifene at concentrations as high as 10 -7 M had no effect on the induction of apoptosis in murine osteoclasts ( Figure  7c ). Consistent with its inability to prevent apoptosis, raloxifene was unable to activate SRE in ERα-transfected HeLa cells (Figure 7d) . Raloxifene, but not estren, suppressed PMA-induced IL-6 transcription, however, confirming the well-appreciated estrogen-like efficacy of the former compound on classical transcription (Figure 7e) . Furthermore, in contrast to estren, raloxifene failed to induce rapid phosphorylation of ERK-1 and -2 (Figure 7f) or to promote accumulation of ERK-2 in the nucleus (Figure 7g ) in MLO-Y4 cells. Finally, we examined whether raloxifene was capable of phosphorylating ERKs in vivo by performing Western blot analysis of protein extracts from the L5 vertebrae of ovx mice receiving two different doses of estren or raloxifene, using an experimental protocol identical to that described in Figure 5 . In this experiment estren was administered to mice at a dose identical to that used in the experiments described in Figure 5 and also a dose ten times higher, corresponding to one and ten times the K d of estren for the ERα. By analogy, the two doses of raloxifene corresponded to three times and 30 times the K d of raloxifene for the ERα (48). These doses have been shown previously to be effective on the bone of mice and rats (49) (50) (51) (52) (53) and represent a threefold or 30-fold excess of the replacement dose of E 2 . Confirming the results of the experiment of Figure 5 , administration of estren in this experiment increased ERK phosphorylation over the ovx controls. At either one of the concentrations used, however, raloxifene administration had no effect on ERK phosphorylation.
Discussion
The results presented in this paper demonstrate several paradigms of ER-or AR-mediated effects on gene transcription that originate outside the nucleus. In all cases the effect can be elicited using only the ligandbinding domain of the classical ER and comprises a three-stage cascade of events: (a) modulation of cytosolic kinases (ERKs or JNK), (b) kinase-mediated alteration of the activity of transcription factors, and (c) transcription factor-dependent upregulation or downregulation of gene expression. Each one of several tran-
Figure 6
Transcription-independent events downstream of kinases are also required for the antiapoptotic effects of sex steroids. Calvariaderived murine osteoblastic cells were pretreated with the PI3K inhibitor wortmannin (30 nM) for 1 hour, at which point E 2 was added to the culture. One hour later, etoposide was added, and the cultures were continued for an additional 6 hours (a). (b and c) HeLa cells were transiently transfected with the ERα and nuclear GFP. The cells were also cotransfected with WT or dn mutants of Rsk2 or AKT (b) or a nonphosphorylatable dn mutant of Bad (c). Cells were then treated as in a (c). Bars indicate means ± SD of triplicate determinations; *P < 0.05 versus vehicle by ANOVA. scription factors is required for the antiapoptotic effect of estrogens or androgens in bone and other cell types in vitro. Furthermore, all these effects can be demonstrated in bone following administration of estren or E 2 to ovx mice. These observations clearly establish that the distinction between nongenotropic actions of sex steroids (on kinases) and genotropic actions is more apparent than real in the sense that, at least in some instances, the former lead to the latter. For the lack of a better term, we suggest that the choice of the word "nongenotropic" over the most commonly used "nongenomic" is an appropriate one to describe kinaseinitiated effects of sex steroids, based on several of the meanings of the Greek suffix (tropic): "turn toward", "having an affinity for", or "affecting the activity of " (e.g., gonadotropic) (54).
In addition to the evidence that the antiapoptotic effect of estrogens or androgens involve the modulation of transcription factors downstream of at least two kinase-initiated signaling transduction cascades (ERKs and JNK), we have demonstrated here that the antiapoptotic effects of sex steroids require kinase-mediated modification of the functional activity of proteins, independent of any transcriptional changes. Specifically, we show that activation of PI3K and ERK signaling by sex steroids leads to the phosphorylation and inactivation of the proapoptotic protein Bad, most likely through an effect of Rsk2. This line of evidence is in full agreement with the results of studies in neuronal and hematopoietic cells, highlighting the requirement of both transcription-dependent and -independent mechanisms in the survival signals transduced by ERKs (37, 42) . A diagrammatic representation of the kinaseinitiated signaling pathways and their downstream effectors required for the antiapoptotic effects of sex steroids is depicted in Figure 8 .
Integration of sex steroid signals with local growth factors and physicomechanical environmental cues. The elucidation of kinase-initiated routes by which sex steroids can exert transcriptional control reveals previously unappreciated means by which these hormones regulate a range of genes much wider than that which can be regulated by
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Figure 7
Raloxifene does not mimic the nongenotropic effects of estren. Calvaria cells were pretreated with estren or raloxifene (Ral) and then exposed to etoposide as described in Figure 4b . Apoptosis was assayed by measuring caspase-3 activity in cell lysates (a). HeLa cells were transiently transfected with ERα or AR and the pCaspase3-Sensor vector (b). Osteoclasts were treated with the indicated concentrations of the two compounds for 24 hours, and apoptosis was assayed as described in a (c). HeLa cells were cotransfected with ERα and either SRE-SEAP (d) or IL-6-luciferase (IL-6-luc) (e) reporters, and SRE-SEAP activity was assessed as in Figure 1 . PMAinduced IL-6 activity was determined as described in Methods. SRE-SEAP or IL-6-luciferase activity in the presence of vehicle is designated as 100%. MLO-Y4 cells were incubated for 5 minutes with estren or Ral, and ERK phosphorylation was assayed by Western blot analysis (f). GFP-ERK2 nuclear accumulation was assessed as in Figure 1b (g). Ten-week-old Swiss Webster mice were ovx, left untreated for 5 days, and then implanted with 21-day slowrelease pellets containing estren (2.6 mg or 26 mg) or Ral (0.027 mg or 0.27 mg); 1×, 10×, 3×, or 30× refers to the correspondence of the given dose to the K d of the respective compound for ERα. Forty-eight hours after pellet implantation, the animals were sacrificed and ERK phosphorylation was determined in protein extracts from L5 vertebrae; each lane represents one mouse (h). Bars indicate means ± SD of triplicate determinations; *P < 0.05 versus vehicle or ovx by ANOVA.
classical transcriptional mechanisms alone, i.e., through ERE or protein-protein interaction of their receptors. Elk-1, C/EBPβ, CREB, c-Jun/c-Fos are ubiquitous factors used by a plethora of local and systemic growth factors as well as multiple physicochemical and mechanical stimuli. Consequently, modulation of the activity of the transcription factors by sex steroids through modulation of the activity of cytoplasmic kinases provides an appealing combinatorial cell response mechanism integrating cues arriving from afar, i.e., the change in the production of sex steroids, to more proximal environmental cues such as changes in the concentration of locally produced growth factors or mechanical and physical strains. In such a way, a target cell at a particular site may rapidly adapt its response to the sex steroid signal arising from afar to unique microenvironmental circumstances. For example, in the context of antiapoptotic effects of estrogens and androgens on osteoblasts or their proapoptotic effects on osteoclasts (also mediated via nongenotropic activation of kinases; see refs. 11, 55), such effects may not involve universally every osteoblast or osteoclast in the skeleton. Instead, they may involve only osteoblasts and osteoclasts restricted within discrete microanatomical environs defined, for example, by a particular biochemical milieu, or the adhesion molecules controlling the avidity of the cells' attachment to their matrix, or the magnitude of mechanical strains exerted upon them. Whereas sex steroids preserve bone mass, estren, which, as shown here, faithfully reproduces the nongenotropic effects of sex steroids without affecting classical transcription, increases bone mass in ovx females above the level of the estrogen-replete mice without affecting ERE-mediated transcription (11) . How could elimination of the genotropic effects of sex steroids, as occurs with estren, lead to a superior effect on bone? We conjecture that the superior effect of estren results not only from its favorable effects on bone cell apoptosis, but also additional mechanisms such as an upregulation of osteoblastogenesis or promotion of progenitors toward mature osteoblasts at specific sites (e.g., the cortices of long bones). This hypothesis is consistent with the breadth of the effects of estren on the activation of several ubiquitous transcription factors described here, which have been widely implicated in the pathways that promote bone growth. In contrast to our finding that activation of MAP kinases by an extranuclear function of the ERα suppresses AP-1 activity, Kushner and coworkers have shown that E 2 -activated ERα stimulates AP-1 activity by a genotropic mechanism (56) . It is therefore likely that the response of a target cell to sex steroids may be determined by the balance between nongenotropic and genotropic actions. Hence, the superior effects of estren on bone could very well result from the removal of a counterregulatory effect on AP-1. We have hypothesized before (11) that a greater suppression of c-Jun could lead to decreased transcription of the Wnt antagonist, Dickkopf, thereby unleashing Wnt signaling -a potent bone anabolic stimulus (57, 58) . Demonstration of downregulation of c-Jun in the vertebrae of ovx mice treated with E 2 or estren in this study adds strong support to this hypothesis.
Relaxed specificity of the effects of sex steroids on nonreproductive tissues. The development, growth, maintenance, and function of reproductive tissues depend, by and large, on estrogens in females and androgens in males. A rapidly growing body of recent clinical observations and experimental results, however, strongly suggests that the sex specificity of the effects of sex steroids on nonreproductive tissues is greatly relaxed. For example, estrogens are as effective in males as they are in females at protecting against bone loss, lowering cholesterol, or slowing atherosclerosis (59) (60) (61) (62) (63) (64) (65) (66) (67) . Conversely, nonaromatizable androgens promote relaxation of the thoracic aorta (68) and, as determined by us in unpublished studies, prevent bone loss in ovx adult females. The studies reported here offer mechanistic explanations for these observations. Specifically, they demonstrate an interchangeable profile of ligand-receptor specificity in the regulation of the activity of ubiquitous transcription factors such as Elk-1, C/EBPβ, CREB, and c-Jun/c-Fos.
In full agreement with these findings, we have demonstrated that the effects of estrogens and androgens on the survival of osteoblasts and osteoclasts in vitro and of osteoblasts in vivo (11) are equivalent. In unpublished studies we have also determined equivalence of the effects of estrogens and androgens in the protection against loss of bone mineral density (BMD) in both males and females. Furthermore, we have determined that E 2 stimulates ERK phosphorylation (55), prevents osteoblast apoptosis, and stimulates osteoclast apoptosis in cells from double estrogen receptor knockout (DERKO) mice lacking both ERα and ERβ or any variant of these proteins (69) and that this effect can be abrogated by silencing the AR. Consistent with an ARmediated effect of estrogens, and vice versa, mature 7-month-old DERKO mice lose bone following ovx; this can be prevented by administration of E 2 (70, 71) . Nonetheless, based on results from the study of an ERα -/-mouse (not an ERαβ -/-mouse as mistakenly claimed in the abstract), Sims et al. have suggested that the AR cannot substitute for ERα to mediate E 2 protection against gonadecomy-induced bone loss in male or female mice (72) . Unfortunately, the use of tibial metaphyses from growing mice (12 weeks old) to examine the effects of sex steroid deficiency in that paper precludes any conclusions about bone loss. All the metaphyseal cancellous bone present at 12 weeks would have been resorbed with or without gonadectomy. All of the bone illustrated 4 or 8 weeks later was made during the experiment, and its amount could be reduced not only because too much was resorbed, but also because too little was formed at the growth plate, for which there are many possible reasons (67) . Furthermore, the conclusion that estrogens cannot act through the ER was based on the paradox that ERβ was able to mediate bone effects of E 2 in females but not in males. In sharp contrast to the findings of Sims et al., mature 6-monthold orchidectomized ERα -/-mice do respond to E 2 with increased cortical thickness, high serum alkaline phosphatase, and increased bone formation at the endocotical surface (73) . These inconsistencies notwithstanding, the purported effects of testosterone through the AR in the ERα -/-male mice of the Sims report are exactly the opposite of the effects of androgen on a human male with an inactivating mutation of ERα (74), even though both mice and humans exhibit high testosterone levels and normal AR function: low, as opposed to high, bone turnover and increased, as opposed to decreased, bone density. Studies with animals in which both ERs as well as the AR are deleted subsequent to reaching skeletal maturity ultimately will be required to directly test the notion that interchangeable ligand receptor interaction is the most likely mechanistic explanation for the relaxed sex specificity of the actions of estrogens and androgens on bone.
Activators of nongenotropic estrogen-like signaling are not SERMs. Based on the evolution of our understanding of the mechanism of action of estren and its unique biological profile in vivo (10, 11) further delineated here, as well as the semantic distinction between the terms genotropic and genomic that we discussed above, we now use the term "activators of nongenotropic estrogen-like signaling (ANGELS)" to define small (nonphenolic) molecules that mimic the nongenotropic actions of estrogens (and androgens) but lack their classical genotropic effects. Do ANGELS, as defined here, represent an entirely unique and altogether novel class of compounds, as we had proposed earlier? The earlier published evidence, taken together with the data presented here, clearly support the notion that they do. Indeed, not only do the actions of estren differ mechanistically from classical estrogens or androgens (since this compound is completely devoid of classical genotropic actions), but also, as shown here, they differ greatly from raloxifene, a prototypic SERM, which also dissociates estrogenic effects on bone versus reproductive organs such as the uterus. Importantly, we determined here that the lack of uterotropic effects of estren (11) cannot be due merely to complete lack of action of this compound on the uterus because clearly estren was as effective as estradiol in increasing the expression of the egr-1 gene that is activated via the ERK/SRE pathway; however, it was incapable of stimulating the expression of C3. On the other hand, raloxifene, an ER agonist on bone but pure ER antagonist in the uterus, did not exhibit any of the nongenotropic effects of estren, or for that matter classical estrogens, on ERK/SRE signaling and bone cell apoptosis; however, sharply distinct from estren, raloxifene was as effective as estradiol in suppressing the transcription of the IL-6 gene. In the context of skeletal effects it is important also to note that estren administration to ovx mice increases serum osteocalcin (11), a serum marker of osteoblast number, whereas raloxifene under those circumstances decreases osteocalcin, evidently by slowing the rate of bone remodeling (52, 75) . In studies not shown here we have found that hydroxy-tamoxifene and idoxifene, similar to estradiol and the estren, do have antiapoptotic effects on osteoblastic cells in vitro (76) , indicating that lack of nongenotropic actions is not a general property of all compounds designated as SERMs.
The skeletal effects of raloxifene are weaker than those of classical estrogens in rats and mice, as well as humans. Indeed, despite the fact that raloxifene has similar affinity for the ERα or ERβ as classical estrogens (48) , when administered to rodents at doses similar to those of estradiol, it is completely ineffective on bone, and at doses 30-fold higher than those used for estradiol, it is still weaker on BMD and the suppression of serum osteocalcin (49) (50) (51) (52) . Furthermore, the published work of others (77) , as well as unpublished work from our group (R.S. Weinstein et al., unpublished observations), shows that in humans raloxifene is only one-third as effective as classical estrogens on BMD. Whether the lack of nongenotropic actions of raloxifene or its inability to modulate the life span of osteoblasts, osteocytes, or osteoclasts (despite its estrogen-like genotropic activity) plays a role in the weaker antiosteoporotic efficacy of this compound, compared with classical hormone replacement therapy (77) or bisphosphonates (78), will require further studies.
In summary, we have delineated here signaling cascades that are triggered by the modulation of cytoplasmic kinases by sex steroids and lead to the control of gene transcription by ubiquitous transcription factors.
In addition, we have demonstrated that one can effectively dissociate such kinase-mediated regulation of transcription factors from the classical genotropic actions of the sex steroid receptors with synthetic ligands. In full agreement with the portion of our in vitro data dealing with Elk-1, Duan and coworkers (19) , as well as Song et al. (41) , have shown recently that E 2 induces the expres-sion of the protooncogenes c-fos or upregulates the activity of a reporter construct in MCF-7 human breast cancer cells via ER-mediated activation of the SRE through MAPK-dependent phosphorylation of Elk-1. Similarly, de Jager et al. have shown that estrogens, acting through the classical ERs (both α and β), induce the transcriptional activation of egr-1 from two SRE sites in primary cardiomyocytes through ERK-1 and -2 (40). Our results, taken together with these observations of others, indicate that the ability of estren to stimulate nongenotropic pathways may not be limited to an individual cell type, organ, or tissue. Based on this and evidence that the nongenotropic regulation of kinases is sufficient for the protective effects of sex steroids on nonreproductive tissues such as bone, but dispensable for their effects on reproductive tissues (11), we propose that regulation of transcription factors via kinase signaling provides the molecular underpinning of the striking and profound biologic consequences of selectively activating nongenotropic actions of sex steroids. Consequently, ANGELS and, perhaps, activators of nongenotropic signals of other nuclear receptors may represent a novel class of pharmacotherapeutics with the potential of biologic outcomes distinct from those produced by the natural ligands that activate genotropic and nongenotropic signals alike or synthetic ligands that activate only the former.
